Abstract
Introduction

Membranes comprise lateral domains with a distinct lipid and protein composition and varying size and half-life. Membrane rafts are defined as 'small (1-200 nm), heterogeneous, highly dynamic, sterol-and sphingolipid-enriched domains that compartmentalize cellular processes' [1]. Caveolae are a subgroup of lipid rafts abundant in endothelial cells that were proposed to play a role in regulation of various endothelial functions
. Specific properties ascribed to caveolae might differ to some extent based on the techniques used characterize caveolae. Although studies using cholesterol depletion or buoyant density are likely to encompass events common to both caveolae and other lipid rafts, the use of models deficient in, or overexpressing, caveolins, as well as colocalization studies with caveolins are likely to describe caveolae only. Caveolae were described as early as in the 1950s as morphologically distinct invaginations in plasma membranes [4, 5] . Similar to lipid rafts, caveolae are relatively rich in sphingolipids and cholesterol [6] but structurally are supported by major proteins called caveolins [7] and the recently identified PTRF-Cavin [8] . Caveolin-1 (Cav-1) was originally described as a tyrosinephosphorylated substrate of v-src [9] and later cloned [10] . To this date, three caveolins have been described. Although Cav-1 and Cav-2 are present in most terminally differentiated cells, and in particular in endothelial cells, adipocytes, and type II pneumocytes [11] , caveolin-3 (Cav-3) is muscle specific [11] . Cav-1 and Cav-3 are highly homologous [12] and required for caveolae formation in their respective cell types, whereas caveolae can form in the absence of Cav-2 [13] .
A number of different functions have been attributed to caveolae and caveolins over time. Caveolae-mediated endocytosis is involved in macromolecule uptake [14] , as well as in the activation of associated signalling pathways [15] . Cav-1 can directly bind lipophilic molecules, such as cholesterol [16] and fatty acids [17] , which allows for intracellular transport of these molecules. As a result of numerous signalling molecules being associated with caveolae and/or directly-bound caveolins (reviewed in [18] ), the 'caveolae signalling hypothesis' has been proposed where compartmentalization of these signalling molecules within caveolae allows for coupling of activated receptors and downstream effector systems [19] .
Although mouse models deficient in any of the three caveolins are viable and fertile [13, [20] [21] [22] [52] , and also plays a protective role in the atherosclerosis development by inhibiting leukocyte adhesion [53] and platelet aggregation [54] . The enzyme responsible for nitric oxide production in endothelial cells (eNOS) is localized to caveolae [55] , and its activity is dependent on post-translational lipid modification, including myristoylation and palmitoylation [56] [65] . Cav-1-deficient mice showed decreased NK-B activation in response to exposure to polysaccharide [66] . Decreased NF-B activation could explain the lack of VCAM-1 expression observed in Cav-1-deficient mice, which resulted in reduced atherosclerosis [27] . Because nitric oxide production by eNOS is increased in the absence of Cav-1, this would be a plausible mechanism for nitric oxide mediated reduction in NF-B activation [67] .
Oxidative stress is considered a major player in endothelial dysfunction due to decreasing nitric oxide bioavailability and increased activation of oxidative stress-responsive transcription factors, such as NF-B. Overt activation of eNOS in the absence of Cav-1 can lead to uncoupling and superoxide production, in particular if the essential cofactor in nitric oxide production, BH4, is scarce [58] . Also, nitric oxide can form the highly active peroxynitrite in the presence of superoxide anions, which can be derived from other cellular sources, such as NAD(P)H oxidases or various cytochrome P450s [68] . Non-phagocytic NAD(P)PH oxidases are another significant source of ROS in vascular endothelial cells [68] . [69] . These mechanisms implicate caveolae in regulation of cellular redox status. In turn, Cav-1 levels can be increased in response to ROS [70] , which could exacerbate inflammation and atherogenesis.
Caveolae endocytosis is involved in recruitment of the NAD(P)H subunit Nox2 and co-activator Rac1 into a new organelle, redoxosome, that allows for compartmentalized production of
Fig. 1 The role of caveolae in environmental toxicant-induced endothelial cell dysfunction and modulation by nutrients. Caveolae can mediate the cellular uptake of environmental toxicants, including persistent organic pollutants, which then disrupt the cellular redox status leading to upregulation of inflammatory mediators. Selected nutrients can reduce a toxicological insult by modulating both caveolae composition and Cav-1 levels, thus contributing to cellular protection against inflammation. Abbreviations: PCBs (polychlorinated biphenyls); PAHs (polycyclic aromatic hydrocarbons).
ROS and NF-B activation
Caveolae were implicated in regulated production of signalling mediators derived from metabolism of arachidonic acid. Cav-1 directly binds phospholipase A2, an enzyme that releases arachidonic acid from membrane phospholipids. Also, activation by agonists can release phospholipase A2 from Cav-1 [71] . Cyclooxygenase-2, an inducible form of the enzyme that converts arachidonic acid into prostaglandins, localizes to caveolae as well, allowing for compartmentalized production of these lipid mediators [72] . Downstream production of prostacyclin, an inhibitor of platelet aggregation, is mediated by prostacyclin synthase, which also binds Cav-1 and localizes to caveolae [73] . Taken [94] and [95] ), and some of these pathways are mediated by non-genomic actions of AhR [96] . Although [101] .
Much like lipophilic persistent organic pollutants, free fatty acids in plasma are carried mainly by albumin, whereas esterified fatty acids are incorporated into lipoproteins as triglycerides and cholesteryl esters [102] . Cav-1 can bind free fatty acids directly [17, 103] , and caveolae have been implied in uptake [104] and intracellular transport [103] of fatty acids. [106] . This resulted in enhanced production of inflammatory mediators after linoleic acid treatment, events which were markedly decreased after treatment with ␣-linolenic acid. Furthermore, the long-chain omega-3 fatty acids, DHA and EPA, have been recognized as potent modulators of systemic inflammatory responses [107] . Interestingly, feeding mice with DHA-and EPA-enriched fish oil reduced Cav-1 and cholesterol content of colonic caveolae. This resulted in decreased activation and association with caveolae of H-Ras and eNOS [46] . In endothelial cell cultures, both DHA [108] and EPA [108] [109] .
The consensus in the literature is that omega-3 PUFAs have the most profound effects on caveolae function and composition, which probably contributes to their cardioprotective properties [105]. Pre-treatment of endothelial cells with the parent omega-3 fatty acid ␣-linolenic acid prevented TNF-␣-induced co-localization of Cav-1 and TNFR-1, whereas linoleic acid (the parent omega-6 fatty acid) had the opposite effect
displaced eNOS from the caveolae fraction and enhanced nitric oxide production, which could be an important mechanism for their cardioprotective behaviour. DHA was also found to decrease caveolae cholesterol levels in vitro, resulting in displacement of Src kinases Fyn and c-Yes from caveolae and decreased VCAM-1 levels in endothelial cells
DHA is one of the longest and most unsaturated omega-3 fatty acid and it inhibits expression of adhesion molecules in the vascular endothelium more than any other dietary fatty acid [110] [112] . [113, 114] , and in particular green leafy vegetables and carotene-rich fruits and vegetables [115] [116, 119] . [120] . Functional caveolae were required for resveratrol uptake and its cellular presence was increased by Cav-1 overexpression [45] . Cav-1 was also required for resveratrol to produce chemoprevention [45] .
In conclusion, incorporation of DHA into plasma membranes will result in segregation of lipid species from liquid ordered domains, such as caveolae, into lipid disordered domains and thus will change cellular signalling responses. In addition to long-chain omega-3 fatty acids, consumption of fruit and vegetables
Recent literature indicates that modulation of Cav-1 levels and caveolae composition can be one of the mechanisms responsible for protective effects of dietary flavonoids in the vascular endothelium. Caveolae are thought to mediate flavonoid uptake and interaction with target receptors. An example is resveratrol, a phytoalexin found in red wine with potent anti-inflammatory and cardioprotective properties
EGCG, a flavan-3-ol found in green tea, may be able to target lipid rafts after exposure to cultured cells [121] . For example, EGCG attached to lipid raft proteins, such as the laminin receptor, and thus was able to alter the membrane composition and activation of the epidermal growth factor receptor [121] . This suggests that incorporation of flavonoids into lipid rafts and caveolae allows for their interaction with molecular targets found in caveolae. Our data show that EGCG can down-regulate Cav-1 levels in endothelial cells [122] , which was associated with protection against endothelial activation. In another study, the isoflavone daidzein decreased aortic Cav-1 expression in male rats and enhanced endothelium-dependent relaxation [123, 124] . A drop in Cav-1 levels is typically accompanied by increased nitric oxide bioavailability [125] , because Cav-1 binds and inhibits eNOS [28] . Another flavonoid quercetin also can decrease Cav-1 expression in various cell types [70, 126] , including endothelial cells [127] . However, in ovariectomized spontaneously hypertensive rats both quercetin [128] and red wine polyphenols [129] [132] . [134] . Overexpression of Cav-1 allowed for estradiol-mediated ERK1/2 phosphorylation and up-regulation of VDR [135] . Vitamin E (and specifically ␣-tocopherol) bound to highdensity lipoproteins was recovered mostly in the caveolae fraction after exposure to endothelial cells, and caveolae were implicated in ␣-tocopherol transcytosis mediated by scavenger receptor BI and LDL receptors [136] . Riboflavin (vitamin B2 ) is also at least partially internalized through caveolae [137] . Tocotrienol (another member of the vitamin E family) increased association of Cav-1 with p38 MAPK and Src kinase in the heart which prevented ischemia-induced apoptosis [138] .
1␣,25(OH)2-vitamin D3 was reported to bind the vitamin D receptor (VDR) in the caveolae fraction [133]. Another group observed that the 1␣,25(OH)2-vitamin D3 receptor ERp60, but not VDR, co-localized with Cav-1, and Cav-1 knockout prevented activation of down-stream targets, including caveolae-resident protein kinase C (PKC)
In conclusion, lipid soluble vitamins tend to interact with caveolae, and the activation of their downstream targets is dependent on Cav-1 levels.
It has been well demonstrated that flavonoids are potent antioxidants [139] . Cav-1 levels increase in response to ROS production by activation of oxidative stress sensitive p38 MAPK and the downstream transcription factor Sp1 [70] . Hence it is not surprising that anti-oxidant flavonoids, such as EGCG [122] and quercetin [126] reduce Cav-1 expression levels. Similarly, the antioxidant properties of the omega-3 PUFA, ␣-linolenic acid, might explain its inhibitory effect on TNF-␣-induced Cav-1 expression in endothelial cells [106] . Similar to the flavonoid quercetin, the antioxidant vitamin E, also prevented up-regulation of Cav-1 and ROSassociated premature cellular senescence [140] . Taken (Fig. 1) . [87, 141] . Varying ratios of linoleic and ␣-linolenic acids can have the opposite effects on up-regulation of vascular adhesion molecules by PCB77 in cultured endothelial cells, with omega-3 ␣-linolenic acid being protective [142] . Up-regulation of the pro-inflammatory mediators by coplanar PCBs [42, 89, 97] [143] and DHA [108] , can incorporate into endothelial caveolae and cause eNOS displacement. Therefore it is likely that supplementation with dietary omega-3 PUFAs will interfere with endothelial dysfunction induced by PCBs by changing the composition of caveolae.
It is clear that the amount and type of dietary fat can have a profound impact on cardiovascular toxicity of PCBs
The main source of omega-3 PUFAs in the human diet is from fish. Risk of exposure to environmental contaminants, such as PCBs, found in fatty tissues of omega-3-rich fish is of some concern [144, 145] . However, wild Pacific salmon tend to be less contaminated with organic pollutants than farmed salmon [145, 146] . Consumption of small quantities of fish on a regular basis decreases cardiovascular risk; however, more frequent doses of fish provide minimal change in benefit [100, 144] -thus, the exposure to organic pollutants can be limited by avoiding excess consumption of fish. Another way to acquire dietary health benefits from n-3 PUFA with limited contamination would be by consuming ␣-linolenic acid-rich plant sources, because ␣-linolenic acid itself seems to prevent PCB toxicity in vascular endothelial cells [142] .
Dietary phenolic compounds and their bioactive properties contribute to the cardioprotective effect of diets rich in fruits and vegetables [139] . Many of these compounds are potent anti-oxidants, suggesting a mechanism of counteracting toxicity of persistent organic pollutants in the vascular endothelium [147] . Modulation of Cav-1 levels has been recently implicated in anti-inflammatory properties of quercetin [127] . Coplanar PCBs were shown to increase Cav-1 levels in endothelial cells [42] , which can be pro-atherogenic [32] . Co-treatment with quercetin prevented Cav-1 up-regulation [127] , and production of proinflammatory cytokines in endothelial cells [89] .
Caveolae [42] . In addition to affecting caveolae internalization, some flavonoids [122] , vitamins [132] , and also omega-3 fatty acids [106] 
